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Abstract 


Ceramics to metals can be joined effectively in a number of ways. By far th< 
simplest method is to use an activated brazing alloy. It cuts out severa 
processing steps when compared with the Moly-Manganese Metallisin; 
process, and if careful preparation of the ceramic is maintained, results can b 
just as successful. Alumina, silicon carbide, silicon nitride, graphite, diamoni 
and many other engineering materials can be successfully brazed using activ 
braze alloys. More filler metals, which can operate above 1050°C, ar 
increasingly being sought after to join hot engine components. 

In this work, attempt has been made to study the formation and growth c 
intermetallic compounds in the ceramic to metal systems, produced by activ 
brazing process. In this process alumina has been used as the ceramic membe 
and Fe, Ni, Nb, Ta etc were used as the metal members, and 60Ag-30Cu-10S 
the filler metal and pure Ti as the active metal. The process was carried out ; 
800°C for a holding time of 16 hours for each specimen under vacuum of 10 
Torr and cooled first in vacuum and then in air. 

A number of binary and ternary compounds have been observed to form 
the metal-filler metal, filler metal-active metal and active metal-ceram 
interfaces. While a part of the filler metal remain unchanged, a number 
intermetallic compounds for example TiCu, TiFe, TiCu 2 , TiFe 2 etc analyzi 
using electron probe micro analyzer (EPMA). The composition of f 
intermetallic compounds has been analyzed. The possible substitution of one 
more of the components of the intermetallic compounds by Cu, Ag, Sn, Ti, . 
and the refractory metals has been analyzed. 
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1. INTRODUCTION: 

The ability to produce reliable brazed ceramic/metal joints is a key 
enabling technology for many production, prototype and advanced 
developmental items and assemblies. The application of ceramic in 
structural components such as turbine engines has received extensive 
attention in recent decades due to their excellent high temperature strength 
and resistance to corrosion and wear. However, ceramics possessing a brittle 
nature often face problem in several joining techniques. If properties of 
ceramics such as being more refractory and less dense than metals and at the 
same time being stronger are to be exploited then adequate joining 
technology is quite essential and that technology is brazing [1-7]. 

The American Welding Society defines brazing as “ a group of welding 
processes, which produces coalescence of materials by heating them to a 
suitable temperature and by using a filler metal having a liquidus 
temperature above 450°C and below the solidus temperature of the base 
materials. The filler metal is distributed between the closely fitted 
surfaces of the joint by capillary action.” The formation of strong bonds 
between materials of widely differing compositions and properties such as 
ceramics and metals is what we often get from brazing. Brazing can make 
joints that are accessible and parts that may not be joinable at all by other 
methods. Assemblies that are complicated due to shape, metal 
characteristics, and thickness can be turned into an integral component by 
brazing. 

Ceramics are becoming increasingly important in engineering applications 
because of their excellent heat resistance, corrosion resistance; wear 
resistance, high temperature strength and stability, etc. On the other hand, 
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they have weaknesses in ductility, workability, mass production compared to 
metals. Recently, various efforts have been made to join ceramic-to-ceramic 
or ceramic to metal for electronic and structural applications such as diesel 
engine parts, turbines and heat exchangers. 

1.1(a) Brazing: Brazing is often the preferred method for joining ceramics 
to metals because it can provide hermetic seals and the plasticity of the braze 
accommodate the differential expansion between the ceramic and metal. But 
several important problems such as the poor wettability, residual stresses due 
to thermal expansion mismatch between ceramics and metals still remain 
unsolved. Generally, ceramics have covalent or ionic bonding, but metals 
have metallic bonding in terms of atomic structures concerned w'ith free 
electrons. Thus, the creation of a metal/ceramic interface causes an electron 
discontinuity and can require more energy than the formation of a ceramic 
surface and hence result in poor wettability. Also, the coefficients of thermal 
expansion (CTE) of ceramics are usually smaller than that of metals, hence 
residual stresses generated after brazing process may cause significant 
tensile or compressive stresses on the ceramics or metals. 

Next generation braze assembly designs have been simplified, in part, 
through the use of active metal brazing. The joining process eliminates 
ceramics metallization and related processing steps. The fundamental 
interfacial reactions that occur between the active constituents in the filler 
metal and alumina ceramics are not well understood, particularly for 
vanadium and zirconium-containing alloy systems. A more science-based 
approach to understanding, predicting controlling, and optimizing these 
reactions is required before active brazing can see widespread application. 
Brazing has many advantages over welding and in most cases; the cost is 
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very competitive with welding. The advantages of brazing include cosmetic 
appearance, cleanliness, and baked-out surfaces. The bonding of ceramics 
can be classified into 3 areas depending on their temperature of usage, (a) 
Low Temperature - below 500C, (b) Intermediate temperature - between 500 
and 1050C, (c) High Temperature - above 1050C. 

Intermediate temperature usage: This range of temperature is between 
500 and 1050C. The most commonly used Ceramic in this range is Alumina, 
and grades of alumina vary from 94% upwards. For temperatures below 
1050C, there are two main brazing methods of joining Ceramics to Metals. 
Firstly we have metallization that is by applying coating that promote 
wetting to the ceramic surface prior to brazing & secondly we have brazing 
with standard braze alloys with some active metals that activate wetting and 
ceramic can be brazed directly [ABA]. 

1.1(b) Active Brazing: In Active Brazing, the ceramic and metal 
components are brazed directly onto the surface of the component using an 
active braze alloy [ABA]. ABA’s contain elements such as titanium or 
vanadium which react chemically with the ceramic component, and enhance 
the wetting ability of the braze alloy onto the ceramic. 

The process mechanism that enables the ABA to wet the ceramic is a 
chemical reaction between the active element (Ti or V etc.) in the braze 
alloy with the ceramic. The exact reaction products, however, are not so well 
understood. In all cases reported, the reaction products with titanium are 
many and varied, with many complex reactions taking place in the same 
series of experiment 

The brazing filler metal has several requirements in active brazing. It 
should be able to wet the ceramic and for a fillet for inspection purposes. It 
(should also be ductile enough to plastically deform during cooling in order 
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to accommodate the stresses, which are induced by different thermal 
expansion coefficients, that inevitably occur when a metal is joined to a 
ceramic. This leads to the dilemma of the braze alloy strength versus braze 
alloy ductility. In general, the higher the actual braze alloy strength, the 
higher the yield point, and therefore, the higher the residual stresses in the 
joint, which can lead to premature failure. This leads to the conclusion that 
for an effective ceramic to metal braze, it is not always the strongest braze 
alloy that is the best for that particular application. 

Metal Component - Plastic deformation of the metal during cooling can 
accommodate the stresses incurred due to mismatch of thermal expansions. 
Low expansion metals such as molybdenum, while reducing the extent of 
the mismatch, are relatively brittle compared with copper or nickel, and may 
not be the best choice of material. Annealing the metal prior to brazing is 
always advisable if any work has been carried out such as pressing, forming 
or welding. 

Brazing Temperature-There are two opposing factors in determining the 
maximum brazing temperature. The higher the temperature of brazing, the 
more active the ABA, and therefore, the better the wettability. Conversely, 
the higher the temperature, the more alloying occurs with the metal member, 
and the braze alloy has a lower viscosity. In very general terms, a 
temperature between 25-50 °C above the braze alloy liquidus nearly always 
gives good results. 

1.1(c) Ceramics-Al 2 0 3 -applications-charecteristics, which create 
problem in brazing to metals: Ceramics are inorganic nonmetallic 
materials, separated into two broad categories (a) Traditional ceramics, 
which include clay products and refractotories. (b) Structural ceramic which 
include monolithic materials like ALO 3 , ZrCL, SiC, AIN, SisN 4 etc are in a 
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great technological interest due to their unique properties when compared to 
metals, such as maintaining high strength even at high temperature, excellent 
wear resistance, high hardness, excellent corrosion and oxidation resistance, 
low thermal expansion, and high electrical resistivity. Structural ceramics 
are being used or considered for use as cutting tools, bearings, machine-tool 
parts, dies, pump seals, high temperature heat exchangers and a variety of 
internal combustion and turbine engine parts. Largest fraction of ceramic is 
actually being used in the electronics industry and in the new and unusual 
engineering applications. 

A1 2 0 3 is still the most widely used structural ceramic with a sizeable 
commercial market, and in United States its application is dominated by the 
electronics field. These applications generally require an insulating material 
with some or all of the following properties: high mechanical strength for 
rectifier housings, high volume resistivity, low dielectric losses for 
transmitter tubes, high translucency for sodium vapor discharge lamps. Most 
of these requirements can be met only by high-purity structural grade of 
A1 2 0 3 . There are numerous specialty electronic applications for A1 2 0 3 , 
including spark plugs, high voltage insulators, vacuum-tube envelopes, rf 
windows, and integrated circuit packages. In all the above applications, 
braze joints hold a very integral role. 

Generally, ceramics have covalent or ionic bonding, but metals have 
metallic bonding in terms of atomic structures concerned with free electrons. 
Thus, the creation of a metal/ceramic interface causes an electron 
discontinuity and can require more energy than the formation of a ceramic 
surface and hence result in poor wettability. Also, the coefficients of thermal 
expansion (CTE) of ceramics are usually smaller than that of metals, hence 
residual stresses generated after brazing process may cause significant 
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tensile or compressive stresses on the ceramics or metals. The above listed 
difference in properties of ceramic and metal are being taken into account in 

research work carried out. 

1.2 Key parameters of brazing: 

While describing the formation of brazed joints, two basic phenomena are 
to be described: (a) Wetting, (b) Flow of a liquid on the surface of a solid. 

Wetting: Wetting of the base materials by the filler metal is required to 
provide intimate contact between them and to develop the bonding needed. 
The driving forces for these phenomena are characterized through the 
thermodynamic concepts of surface free energy, and the free energy of 
fonnation of phases which may result from chemical reaction that occur 
during brazement. Wettability is an important criteria for selection of filler 
metals and alloys that we will see in later sections. 

Surface free energy: “The surface free energy of a solid or liquid is the 
excess free energy introduced by the presence of a surface or in terms of a 
simple bonding concept for condensed phases “the unsatisfied bonding 
forces at a surface Surface tension: (y): Surface tension is defined as the 
force (F) acting at right angle to a line of unit length (L) drawn in the surface 
i.e. y=F/L. The surface tension is equivalent to surface energy under 
isothermal condition [8]. 

For relatively small droplets, the liquid droplet will assume an equilibrium 
confurigation dictated by surface free energy consideration. In the above 
case it is assumed that it is an idealized ease i.e. where there are no chemical 
reaction between solid, liquid, and vapor phases, and the gravitational forces 
can be ignored. The shape of the liquid droplet is characterized by ‘0’ the 
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Vapor 



Figure [1] Surface tension forces acting when a liquid droplet wets a solid 
surface, according to the classical model. (8) 

contact angle with the solid as shown in the Figured. The relationship 
between contact angle ‘0’ and the surface free energies at the liquid- vapor 
(y LV ), solid-vapor (y S v), and solid-liquid (y SL ) interfaces is expressed by Cos 
6 = (Ysv-YslVYlv -The boundary between wetting and non-wetting conditions 
is generally taken as 0=90°. When 0<9O°, wetting occurs, while when 0>9O° 
represents a condition of non-wetting. When 0 approaches 0 0 spreading of 
liquid occurs. For most brazing systems the optimum value of 0 is in the 
range of 10-45°. 

Factors Affecting Contact Angle (0): (a) Joint gap, (b) Surface impurity, 
(c) Presence of oxide & (d) Wettability Index (WI). 

Joint gap: The thinner the joint gap, smaller will be ‘0’ the contact angle 
and so we get a better wetting of the base material. 

Surface impurities: Taking into consideration the equation, 

Cos 9 = => 1 

y lv 
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It is clear that by increasing y S v i.e. the surface energy of solid- vapor 
interface we get a small value for ‘0’, and v sv can be increased by having a 
clean surface and their maintenance by brazing in vacuum is apparent. The 
surface contamination impedes the wetting capability of the filler metal and 
must be removed for successful brazing. Cleaning can be done by 
mechanical means such as grinding, filing, wire brushing or any form of 
machining and by chemical means. Protective electroplating may follow 
chemical cleaning. Surface protection can also be done by the use of solid 
and liquid “Brazing fluxes”. 

Presence of oxide films: All real surfaces of liquid and solids are 
modified to some extent by absorption of surface-active elements and 
particularly oxidation. The presence of oxide on a solid metal surface 
suppresses wetting and inhibits spreading of liquid metal over the surface. 
Therefore much of the technology of brazing is directed to eliminate 
possible detrimental effects of oxide presence on wetting. 

Wettability Index (WI): WI developed by Feduska [9] is used as the 
measure of the wettability . WI is defined as the area covered by the filler 
braze metal times the cosine of the contact angle between the braze and the 
base metals. So for high value of WI there is good wettability. WT depends 
on the volume of the filler metal used. WI greater than 0.05 are indicative of 
good performance during brazing, however when it is greater than 0.01 it is 
an indication of excellent performance during brazing [9]. In some cases, the 
wetting of a surface is much more complex and use of the above classical 
model i.e. the theory of wettability with respect to contact angle, is not so 
simple when chemical reaction between the filler metal and solid surface 
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takes place. The effect of metallurgical interaction between the filler metal 
and the component material in promoting wetting is exploited in active filler 
metals. The addition of small fraction of a reactive metal such as Ti or Zr to 
filler metal enables them to wet and spread over ceramic materials. In this 
instance wetting of and reaction with the ceramic are inextricably linked 
[11]- 

1.3 Capillary action: 

Capillary attraction is the physical force that governs the action of a liquid 
against solid surfaces in small confined areas. Capillary flow is the dominant 
physical principle that ensures good brazements. When the joint gap at 
brazing temperature is proper, capillary force will be stronger than gravity 
and enable a liquid brazing filler metal, to be drawn between the faying 
surfaces of the joint in any direction, regardless of the orientation of the 
assembly (horizontal or vertical). The capillarity is a result of surface tension 
between the base metal(s), brazing filler metal, flux or atmosphere, and the 
contact angle between the base and filler-metals. 

The vertical height to which a liquid rises between two parallel plates 
separated by a distance d is given by (10) 


H= 2y lL cos6_ 

6pd 


■=> eq- 2 


Where p= density of the liquid. The velocity v of the liquid into the space 
between two parallel surfaces of separation d is (10) 

d 2 H 
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Where h is the height, to which the liquid has risen, q is the kinematic 
viscosity given by (p/p). The parameter p is the viscosity of the liquid. It 
may be deduced that, other things being equal, the height to which a liquid 
rises in a capillary space increases as the separation of the surface is reduced 
and the rate of flow into the joint decreases as the separation of the surface is 
reduced. 

In actual practice, brazing filler metal flow characteristics are also 
influenced by dynamic consideration involving fluidity, viscosity, vapor 
pressure, gravity and metallurgical reactions between brazing filler metal 
and base metal. (11). For capillary force to work, the base metal and the 
braze filler metal must be compatible, that is, they must be able to alloy with 
each other. The filler braze metal will then is able to "wet," or spread out 
along the surface of the base metal. The extent of alloying does not have to 
be much, but it must occur. 

1.4 Joining atmosphere: 

Controlled atmospheres are used during brazing to prevent the formation 
of oxides or other undesirable compounds. In most cases, controlled 
atmosphere are also used to reduce the oxides that permit the brazing filler 
metal to wet and flow on clean base metal. Controlled atmosphere brazing is 
widely used for the production of high-quality joints. In controlled 
atmosphere application post brazing cleaning is generally not necessary, and 
it avoids formation of oxides and scale over the whole part and often allow 
final machining to be done before brazing. 

Recommended atmosphere composition is specified, wherever applicable 
and constitutes of mixture of various gases at particular required composition. 
The gases are H 2 , N 2 , CO, C0 2 , and water-vapor (H 2 0), CH 4 , inert gases. 
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Vacuum is another form of controlled atmosphere and an increasing amount of 
brazing is being done in vacuum. Although many controlled atmospheres are 
available, those used primarily for brazing fall into three broad categories: (a) 
reducing atmosphere, (b) inert atmosphere and (c) vacuum. In some joining 
process oxidizing process is desirable, such as copper-copper oxide brazing 
process, where brazing is earned out to a ceramic material. A reducing 
atmosphere is one that is capable of chemically removing surface 
contaminants from the base materials. But there is some risk when dealing 
with hydrogen because of the hydrogen embrittlement and explosion at high 
temperatures. 

Mizuhara et al [12] have suggested that Ti readily reacts with oxygen, 
nitrogen, and water vapor in the brazing process. Consumption of Ti by 
interaction with the above depletes the amount of Ti available to wet the 
ceramic surface, and the reaction product can also form on the surface of the 
brazing filler metal, which may prevent physical contact between Ti and 
ceramic part of the assembly. As a result, bonding with the ceramic will be 
poor. It has also been indicated that one of the best atmospheres for active 
brazing is a vacuum of level 10° torr and leak rate of the vacuum furnace 
should be less than 0.67 Pa per hour. 

1.4(a) Vacuum Brazing: Vacuum brazing is economical for flux less 
brazing of many similar and dissimilar base metal combinations, especially for 
brazing very large, continuous area or complex assemblies where removal of 
solid or liquid flux is difficult and where there is inability of providing proper 
gaseous mixture. Vacuum is also suitable for brazing ceramics and reactive and 
refractory base metals such as Ti, Zr, Mo, Ta, etc. Vacuum brazing has the 
following advantage and disadvantages compared with high-purity brazing 
atmospheres. 
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Vacuum removes essentially all gases from the brazing area, thereby 
eliminating the necessity of purifying the supplied atmosphere. Commercial 
vacuum brazing generally is accomplished at pressure varying from 10' 6 to 0.5 
torr (10' 4 to 67.5 Pa) and above, depending upon the materials brazed, the 
filler metal being used, the area of the brazing interfaces, and the degree to 
which gases are expelled by the base metals during brazing cycle. 

Certain oxides of the base metal will dissociate in vacuum at brazing 
temperatures. Vacuum is widely used to braze stainless steel, superalloys, 
aluminium alloys, and with special techniques, refractory materials and 
ceramics. 

Difficulties sometimes experienced with contamination of brazing 
interfaces due to base metal expulsion of gases are minimized in vacuum 
brazing. Occluded gases are removed from the interfaces immediately upon 
evolution from the metal. 

The low pressure existing around the base and filler metals at elevated 
temperatures remove volatile impurities and gases from the metals, thus 
improving the property of the base metal. But this characteristic is a 
disadvantage where elements of the filler metal or base metals volatize at 
brazing temperatures because of the low surrounding pressures. This tendency 
may be corrected by employing partial pressure inert gas according to proper 
vacuum brazing techniques. Many vacuum furnaces have the ability to operate 
under a partial pressure of inert gas. 

1.5 Prime Factors Controlling Brazing: 

Temperature and Time: The temperature of the brazing filler metals of 
course must be above the melting point of the brazing filler metal and below 
the melting point of the parent metal. This temperature plays an important 
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role with regard to the wetting action and flow of the filler metal, the wetting 
and alloying action improves as the temperature increases. 

Braze filler metals can be fairly complex alloys and their melting can take 
place over a range of temperature. Lower brazing temperatures are preferred 
to minimize heat effect on the base metal, increase the life of the fixture, jigs 
or other tools, minimize base metal/filler metal interaction etc. Higher 
brazing temperatures may be preferred to promote base-metal interaction in 
order to modify the brazing filler metal, permit subsequent processing at 
elevated temperatures, use a higher- melting but more economical brazing 
filler metal. There are two opposing factors in determining the maximum 
brazing temperature. The higher the temperature, the more active the ABA, 
and therefore, the better the wettability. Conversely, the higher the 
temperature, the more alloying occurs with the metal member, and the braze 
alloy has a lower viscosity. In very general terms, a temperature between 20- 
25°C above the braze alloy liquidus nearly always gives good results. 

The time at the brazing temperature also affects the wetting action, 
particularly with respect to the creep of the brazing filler metal. If the filler 
metal has a tendency to creep, the distance generally increases with time. 

Joint Design and Clearance: Brazing a ceramic material to itself 
represents no special problems in joint design. However, a major concern 
when brazing ceramics to metals is the accommodation of residual stresses. 
A brazed joint is not a homogeneous body; it is a heterogeneous assembly 
composed of different materials with different physical and chemical 
properties. In the simplest case, it consists of the base metal and braze filler 
metal. After brazing, a boundary zone will be formed between the base 
materials. Due to diffusion processes, the composition, physical, and 
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chemical properties of the interface will be different from the base materials. 
This aspect should also be considered during joint design. 

Clearance between the base materials is also an important factor, because 
without clearance, the braze filler metal flow will be restricted and results in 
voids or shrinkage cavities in the joint after solidification. Therefore a small 
clearance and thin filler metal films provides sound joint. 

On the other hand, thermal expansion of dissimilar base materials is 
fundamentally important factor and complex. For example, in the ceramic to 
metal joining, there is a large difference of thermal expansion of ceramic and 
metal. During heating, the metal part will expand more than the ceramic part 
resulting in lesser clearance. During cooling, a stress field will develop in 
the interface region due to thermal mismatch and results in low joint 
strength. Mizuhara et al [12] have investigated the effect of Ti concentration 
in the Cu-Ag filler alloy on the peel strength. Peel strength w r as observed to 
be maximum at a Ti concentration of about 1 ,5wt-%. However, both below 
and above 1.5wt% Ti the peel strength was lower. According to them, plastic 
deformation of the brazing filler metal during cooling from the brazing 
temperature accommodates thermal expansion mismatch. Therefore, the 
increase in strength of the brazing filler metal that is due to excess Ti content 
leads to poor accommodation of thermal expansion mismatch and results in 
high residual stress and hence low' joint strength. 

1.6 Braze filler metals and general characteristics: 

Brazing filler metal, as defined by the American Welding Society, is a 
metal to be added when making a braze. Brazing filler metals are metals or 
alloys that has liquidus temperature above 840°F(450°C) but below the 
solidus temperatures of the metals being joined. A Satisfactory brazing filler 
metal or alloy should posses the following characteristics: 
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(a) The ability to wet the base materials on which it is used. 

(b) Suitable melting point or melting range and fluidity to permit its 
distribution by capillary attraction into properly prepared joints. 

(c) A Composition of sufficient homogeneity and stability to minimize 
separation of constituents by liquation under the brazing conditions to 
be encountered. 

(d) The ability to fonn brazed joints possessing suitable mechanical and 
physical properties for the intended service application. 

(e) Depending on requirements, the ability to produce or avoid certain 
base metal/filler metals interactions. Brittle intermetallic compounds 
or excessive erosion may be undesirable, while higher joint remelt 
temperature might be an attribute. 

The silver-based filler metals are primarily used to join most ferrous 
and non-ferrous metals, except aluminium and magnesium, with all 
methods of heating. They may be preplaced in the joint or fed into the 
joint area after heating. Lap joints are generally used with joint 
clearances of 0.5 to 0.13 mm when mineral type fluxes are used and upto 
0.05 mm when gas phase fluxes (atmospheres) are used. 

Copper wets and forms alloys with iron, cobalt, and nickel much 
more readily than silver does. Consequently the wettability of silver- 
copper brazing filler metals decreases as the silver content increases in 
brazing of steels, stainless steels, nickel-chromium alloys and other 
metals. Thus, high silver content filler metal doesn’t wet steel well when 
brazing is done in air with a flux. When brazing is done in certain 
protective atmospheres without flux, Ag-Cu filler metals will wet and 
flow freely on most steels at the proper temperatures. Tin has a low vapor 
pressure at normal brazing temperatures. It is used in silver- based filler 
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metals in place of Zinc or Cadmium when volatile constituents are 
objectionable, such as when brazing is done without flux in atmosphere 
or vacuum furnaces or when the brazed assemblies will be used in high 
vacuum at elevated temperatures. Tin addition to silver-copper filler 
metals result in wide melting ranges. Filler metals containing zinc wets 
ferrous metals more effectively than those containing tin, and where zinc 
is tolerable, it is preferred over tin. [11]. 

Zinc and cadmium containing filler metals should not be used in a 
controlled atmosphere furnace. Filler metal Bag-1 containing 24 wt. % 
and 16 wt. % Zn showed some problem when used in brazing parts in a 
continuos furnace at 704-732°C. The first problem with the filler metal 
containing cadmium is the use of higher concentration of approximately 
24wt% considering that the metal Cd is poisonous. It readily dissociates 
from the filler metal and either deposits in the furnace as a powder or is 
carried out in the atmosphere; in both cases leading to a hazardous 
condition. Secondly, zinc that has a concentration of approximately 16- 
wt% (in filler metal Bag-1) also dissociates, thus leading up to 40% loss 
in the volume of the filler metal applied to the joint. Thirdly, an 
additional problem could be caused by continuous vaporization of the 
zinc and cadmium, adding to some porosity in the joint area. 
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1.7 Filler metal-parent metal interaction: 

When stainless steels and the nickel- and cobalt-base alloys are brazed at 
temperatures of 1000-1200 0 C, interaction between the molten filler metal 
and solid parent metal occur. This is especially the case when nickel- and 
cobalt-based filler metals are used. 

A simple system, for example brazing of nickel is brazed with the 
eutectic alloy (89/1 1 Ni/P) at 1000 °C, can be used to explain the principles. 
From the constitutional diagram for Ni-P (Figure-2) it is seen that no 
equilibrium is possible between the molten filler metal of composition A and 
the parent metal (Ni) of composition E. The joint will consist of two solid 
nickel masses with eutectic Ni/P liquid in between. At each phase there 
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Figure [2]: Ni-P Constitutional Diagram (E.Lugscheido)[14] 

will be a layer of composition C in between the eutectic and the nickel after 
a short time, for diffusion of nickel into the liquid and phosphorus into the 
solid. This will lower the phosphorus content of the liquid from A to B and 
raise the melting point to 1000°C under the joint making conditions. After 
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heat treatment at 1000°C and assuming there is much more nickel available 
than phosphorus, the surface of the parent metal will achieve composition D 
and will start to melt at T (the solidus), while the liquidus will be at C, and it 
will start to solidify at T. 

Subsequent to the heat treatment, the interface will not start to melt 
until heated to T and the filler, which will start to melt at 875°C, will not be 
completely liquid until T. Both of these changes will raise the failure 
temperature above what it was previously, perhaps 1000°C with no load. The 
amount of eutectic will diminish during the heat treatment and if it is long 
enough, none will be left and no melting will occur below T. Similar, but 
more complicated, mechanisms takes place during brazing when B and Si 
temperature depressants are used. 

1.8 Filler metal from binary alloy systems: 

Binary eutectic compositions braze used with components of one of the 
constituent metals with no intermetallic compound formation. A 
representative example of this type of reaction is an Ag-Cu brazes used to 
join copper components. The Ag-Cu phase diagram is shown in Figure [3] 
[15] 

Braze filler metals can be fairly complex alloys and their melting can take 
place over a range of temperatures. The implication of such behavior can be 
illustrated in terms of the phase diagram for Ag-Cu system as illustrated in 
the figure. Except for the eutectic composition (72%Ag-28%Cu), melting of 
the braze filler metals in this binary system occur over a range of 
temperatures as illustrated for the 50-50 composition. 
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Ag - Cu 



Weight % Copper 

Ag 10 20 30 40 50 60 70 80 90 Cu 


Figure 3. Silver-Copper phase diagram 

Melting which begins at the solidus temperature of 780°C is not complete 
until a temperature in excess of 850°C is reached. Within the melting range 
there is a ‘mushy’ mixture of liquid and solid, which has wetting and flow 
properties distinct from those of the filler metal above the liquidus 
temperature. Flow in the partially melted filler is much reduced and the 
wetting and spreading tendency of the liquid phase in the mixture leads to 
the phenomena of liquidation or the tendency of the lower melting 
constituents. Liquidation results in melting point shifts and flow problems 
with the remaining higher melting constituents. The rate of heating through 
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the melting temperature range and the brazing time are important 
parameters, during brazing. 

At the joining process temperature, the braze will dissolve copper until 
equilibrium concentration of Cu is reached. In this case, dissolution of 
Copper increases the liquidus temperature of the filler metal but not its 
solidus temperature because eutectic transformations are isothermal. On 
cooling below the liquidus temperature, the excess Cu-rich phase (p) will 
solidify first, and the precipitation will occur preferentially at the 
components/filler metal interface because heat lost via extremities of the 
assembly provides the interface to be slightly cooler. The precipitation will 
continue until the temperature and the composition of the remaining liquid 
reach the eutectic point. 

Advantages of eutectic alloys as filler metals: The eutectic alloys have 
superior spreading behavior when molten and can be melted at a unique 
temperature and not over a range of temperature. The duplex character and 
the fine grain size of the eutectic microstructure, provides enhancement of 
both strength and ductility of a metal. The joining process temperature can 
be chosen to be only slightly above the melting point of the alloy. A rapid 
liquid to solid transformation on cooling, without going through the solid + 
liquid region. The alloying of the filler metal does not greatly shift the 
composition from its eutectic point. 
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^.Experimental procedure: 

The aim of this investigation has been to join alumina to metals such as 
lb, Ta, Cr, Co, Fe, Ni.etc.Cylinders of alumina 1.25cm in diameter and 
imm height were prepared by sintering green pellets for 3 hours at 1500°C 
n a horizontal tubular furnace. The green pellets were prepared from 
ilumina powder of >99% purity with the help of polyvinyl alcohol as binder 
it a pressure of 8 tons. 

The filler metal used was a near eutectic alloy of composition, 60 Ag- 
}0Cu-10Sn from high purity metal. It was melted in silica capsules under 
vacuum. While melting the filler metal, the melt was continuously stirred to 
ensure a homogeneous alloy. The alloy ingot was then cut into 0.5mm thick 
discs. 

While joining ceramic to metal, alumina was used as ceramic member and 
pure iron, niobium, nickel tantalum, zirconium etc were used as metal 
member. Discs of Titanium approximately 0.2mm thick was used as the 
active metal for better wetting of the alumina surface were obtained using a 
diamond cutter. Nickel and Niobium was used in rod form with 8mm 
diameter. Tantalum was in sheet form with thickness 1mm. The thickness of 
Co, Cr, Fe and Zr metals were around lto 2 mm. The surface of the titanium 
disc was then polished on both sides using standard metallographic 
techniques to ensure optically flat surface for good bonding. The ceramic 
member (alumina), filler metal (Ag-Cu-Sn) and the metal member were also 
polished to ensure maximum area of contact between them for getting 
effective bonding. All surfaces of the sample were then cleaned in ultrasonic 
cleaner to make sure that no loose particles remain on the surface, which 
could hinder bonding. 
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Figure [4]: Section of the assembly in which the specimen was prepared. 

The samples were then kept in an assembly as shown in the Fig [4] .The 
sequence of the samples were as follows: the ceramic part was kept at the 
lowest position, above which the Ti slice was placed. It was followed by the 
filler metal and finally the metal part at the topmost position. Discs of 
graphite were kept one below the cerarpic and the other at the top of the 
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metal to be joined with the ceramic and the assembly was tightened with a 
screw in a bracket shaped inconel plate. 

The assembly was kept in a clean quartz tube and connected to a rotary 
vacuum pump. Vacuum of around 10' J to 10 4 torr was obtained to control 
high temperature oxidation of the metals. The quartz tube was gently 
lowered inside a vertical furnace, which was already maintained at a fixed 
temperature of 900°C. 
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Figure [5]: The line along which the brazed specimen was cut to expose the interface 


23 



The multilayer diffusion couple was annealed for 16 hours at 800°C. The 
quartz tube was taken out of the furnace and cooled in air till ambient 
temperature was reached. The cooling was done under vacuum. The 
diffusion couple was sectioned along the diamond cutter [Figure5]. It was 
subsequently polished using standard metallographic techniques. 

The interface was studied using EPMA (electron probe micro analyzer). 
The compositions of the various phases were determined and the 
microstructures formed during solidification were recorded. The 
composition was studied using high purity standards of the metals. 
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3. Result and Discussion: 

3.1 Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Fe: 

The ceramic AI2O3 was brazed with pure ‘Fe’ with braze filler metal 60 Ag- 
30Cu-10Sn and Ti as the active metal at 800°C for 16 hours. The interface was 
observed under EPMA and analyzed. The interface showed several phases in a 
complex microstructure of these phases and when analyzed gave several binary 
and some ternary intermetallic compounds. The formation of these compounds 
can be explained by diffusion. The composition of different phases was derived 
and the results are presented in table 2. 



Figure [6a]: Photomicrograph of the AfCVTi/dOAgoOCu-lOSn/ (Fe) System, showing Fe 2 Ti 
as dark particles in the upper part of the diffusion couple. 

There are mainly 3 interfaces, Fe/filler-metal, filler metal /Ti and Ti/Al 2 0 3 . 
We scanned down, that is started analyzing the structure from the Fe phase 
down to the ceramic A1 2 0 3 phase. The compound that was observed in the 
Fe/filler-metal interface was Fe 2 Ti as dark particles seen in the 
photomicrograph, Fig. 6a, and Fig. 6b. 
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Table 2: Composition (at%) of the elements in the different layers of the brazed specimen, alumina/Fe by using Ag- 
Cu-Sn as the filler metal taken by EPMA. 





Figure [6b]: The photomicrograph of AbOs/Ti/hOAg-SOCu-lOSn/Fe System, showing Fe 2 Ti 
as dark particles, (Cu) and Ag-Cu eutectic. 

The Fe 2 Ti compound stoichiometry matches the compound MgZn 2 - type 
Laves phase and it melts congruently at 1427°C; L — ►Fe 2 Ti. The composition 
of this phase obtained from the EPMA gave 68.31 at. pet. Fe in Fe 2 Ti. The 
composition reported from the crystal structure data [16] shows a range of 64.5 
to 72.4 at. pet. of Fe. The composition we obtained from the EPMA study 
matches with the composition given for the Fe 2 Ti phase. It has also been 
reported [17] that alloys of composition near Fe 2 Ti are very reactive. 

The eutectic structure of the Ag-Cu system [18] is observed in the 
photomicrograph of Fig.7a. The eutectic reaction occurring at 779°C, at 40 at. 
pet. Cu balance Ag has formed where as at other positions it shows a Ag-Cu 
eutectic structure in the matrix of Cu solid-solution, Fig. 7b. 


Figure [7a]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/ (Fe) System, showing the 
upper part of the diffusion couple. 



Figure [7b]: Photomicrograph of the Al203/Ti/60Ag-30Cu-10Sn/Fe System, showing the 
solid solution of Cu and dark particles of the unknown ternary of Ti-Cu-Fe. 


The Ti-Fe phase diagram [16] shows that the compound FeTi and it forms from 
the melt by the peritectic reaction at 13 17°C. 

L+Fe 2 Ti ► FeTi. The analysis of the FeTi phase has given 49.03 at. pet. Ti 
which is well within the range of the published composition [16]. At certain 
position, Cu was observed to substitute for Fe in the FeTi intermetal lie. The 
Fe(Cu)Ti phase appears as a small dark particles in the photomicrograph, 
Fig. 8a. The substitution of Cu was observed to be to the extent of 10.31 at. pet. 
Cu and when added to 40.30 at. pet. Fe it matches the range 49.8 to 52 at. pet. 
Fe reported for the FeTi phase [16]. 



Figure [8a]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/ Fe System, showing 
structure at and near the filler-metal/Ti interface. 

As we scan down through the diffusion couple we see large bright regions of 
Ag solid solution Figs.8 a & b. 

Between the bright silver solid solution, we have observed several phases. 
The gray particles have been analyzed to be consistent with the 



Figure- [8b]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/ (Fe) System, showing dark 
particles of TiCu and gray particles of TisSm. 

Ti 5 Sn 3 phase. Figs 8a, 8b. The dark particles have been analyzed to correspond 
to the TiCu(Ag) phase. Fig. 8a and (table 2).The experimentally observed 
composition of the Ti 5 Sn 3 phase gave a value of 29.32 at. pet. Sn and 52.47 at. 
pet. Ti which is close to the TbSn 3 composition reported in the literature [19]. 
The TiCu intermetallic and has been analyzed to show 50.76 at. pet. Ti and 
45.71 at. pet. Cu. The reported composition [20] of this intermetallic with 48 to 
52 at. pet. Ti and 48 to 52 at. pet. Cu agrees well with the observed 
composition. Upto 3.39 at. pet. Ag was observed to replace Cu in TiCu. 

The Ti 3 Sn phase has formed as a thick dark layer above the Ti/filer metal 
interface, Fig 8a. The composition observed for this phase is 25.17 at. pet Sn 
and 69.97 at. pet. Ti, table 2. The composition agrees with the reported 
composition for this phase [19]. The Sn concentration in the Ti 3 Sn phase has a 
range from 23 to 25 at. pet. Sn. 

The Ti 2 Cu phase was obtained as thin gray layer just below the Ti 3 Sn layer, 
Fig.8a. The observed composition 66.55 at. pet. Ti, 30.99 at. pet. Cu and 2.37 



at. pet Ag with Ag substituting for Cu matches with the reported composition of 
Ti 2 Cu phase [20]. 

A ternary phase was also observed in the photomicrograph, Figs. 7a, 7b, with 
a composition as shown in table 2 . 

3.2 Al 2 0 3 /Ti/60Ag-30Cu-10Sn/ Ni: 

The ceramic AI 2 O 3 was brazed with pure ‘Ni’ with braze filler metal 60Ag- 
30Cu-10Sn and Ti as the active metal at 800°C for 16 hours. The diffusion 
couple was observed under EPMA and analyzed. The interface showed several 
phases in a complex microstructure of these phases and when analyzed gave 
several binary compounds. The formation of these compounds can be explained 
by diffusion. The composition of different phases was derived and the results 
are presented in table 3. 



Figure-9: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Ni System, showing dark 
particles of Ni 3 Ti and gray layer of (Ni-Cu). 
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Composition (at%) ot the elements in the different layers of the brazed specimen, Alumina/Ni by using Ag-Cu-Sn 
as the filler metal taken by EPMA 




We scanned down, that is started analyzing the structure from the Ni phase 
down to the ceramic A1 2 0 3 phase. A Ni-Cu solid solution was observed near the 
Ni/Filler metal interface as a gray layer, Fig. 9. 

The dark particles, in the middle of the filler metal region as shown in Figs. 9 
and 10, are Ni 3 (Cu)Ti. The analysis has shown 1.64 at. pet. Cu, 69.97 at. pet. Ni 
and 28.65 at. pet. Ti with small amounts of Ag, A1 and Sn for this phase. The 
metal Cu substitutes for Ni in this phase. The Ni 3 Ti 



Figure [10]: Photomicrograph of the Al 2 03/Ti/60Ag-30Cu-10SnyNi System, showing dark 
particles of Ni 3 (Cu)Ti and large dark region of Cu 3 (Ni)Ti 2 . 

phase has been reported [22], with a composition of 75 at. pet. Ni balance Ti. 
The Ti concentration in this phase is observed to be higher than reported. [22] A 
stoichiometric compound Cu 3 (Ni)Ti 2 is observed as large dark irregular region 
in the photomicrograph of Fig. 10. The observed composition shows 44.86 at. 
pet. Cu, 15.70 at. pet. Ni and 39.23 at. pet. Ti with small amounts of Ag, A1 and 
Sn. Such large substitution of Cu by Ni is feasible because there is a complete 
mutual solubility of Cu and Ni in each other in the solid state. The published 




composition of Cu 3 Ti 2 intermetallic agrees well with that observed in this 
investigation if we assume Ni atoms substituting for Cu in the subiattice of the 
Cu 3 Ti 2 intermetallic. From the phase diagram of the Cu-Ti system it can be seen 
that between the congruent melting of TiCu and the eutectic reaction at 73 at. 
pet. Cu, there is a cascade of peritectic reactions involving the compounds 
Ti 3 Cu 4 , Ti 2 Cu 3 , TiCu 2 and TiCu 4 [20], A light gray thin region of the Ti 3 Sn 

phase with composition 23 at. pet. Sn and 73 at. pet. Ti has been observed in the 
diffusion couple, Fig. 10. 



Figure [11]: Photomicrograph of the Al 2 03/Ti/60Ag-30Cu-10Sn/Ni System, showing gray 
globules of TiCu(Ni) on dark Ti 2 Cu(Ni). 

The Ti 2 Ni(Cu) compound forms as light gray irregular structure, Fig.l 1 near 
the Ti/filler-metal interface. The Ti 2 Ni intermetallic has been reported to form 
by the following eutectic reaction at 942°C. L *■ ((3Ti) + Ti 2 Ni. 

Experimentally we have obtained 24.94 to 25.94 at. pet. Ni, 5.62 to 6.29 at. pet. 
Cu and 67.9 to 68.22 at. pet. Ti with very small amounts of A1 and Sn. 
Assuming that Cu substitutes for Ni in the Ti 2 Ni phase the effective Ni 
concentration has a range of 30.74 to 31.56 at. pet. , which is dose to the 
desired 33.33 at. pet. Ni for this intermetallic compound [22]. 


The Al203/Ti/60Ag-30Cu-10Sn/Ni diffusion couple also showed, light gray 
TiCu globules on the dark Ti 2 Cu(Ni), Fig. 11 . The morphology and reaction 
mechanism of TiCu phase has already been discussed while discussing the 
Al 2 03/Ti/60Ag-30Cu- 1 OSn/Fe system. The Ti 2 Cu phase shows a composition of 
3.47 at. pet. Ag, 18.87 at. pet. Cu, 10.26 at. pet. Ni and 66.87 at. pet. Ti. Ni 
appears to substitute for Cu upto the extent of 14 at. pet. in this intermetallic 
compound. 

3.3 Al 2 0 3 /Ti/60Ag-30Cu-10Sn/ Zr: 

The ceramic AI2O3 was brazed with pure ‘Zr’ with braze filler metal 60Ag- 
30Cu-10Sn and Ti as the active metal at 800°C for 16 hours. The interface was 
observed under EPMA and analyzed. The composition of different phases was 
derived and the results are presented in table 4. 



Figure [12]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Zr System, showing bright 
Ag solid solution and dark region of AgZr 2 . 

As we scan down from the Zr part of the diffusion couple we observe dark 
regions of AgZr 2 , Fig. 12. The AgZr 2 compound has been reported to form by 
the following peritectic reaction at 1191 C, L+ [3Zr ► AgZr 2 at 66 at. pet. 
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Table 4: Composition (at%) of the elements in the different layers of the brazed specimens, alumina/Zr by 
using Ag-Cu-Sn as the filler metal taken by EPMA. 




Zr [23 ] .Experimentally we have obtained 52.77 to 60.48 at. pet. Zr, 5.48 to 
13.07 at. pet. Ti, 25.43 to 26.80 at. pet. Ag and 6.9 to 8.57 at. pet. Cu with very 
small amounts of A1 and Sn. Assuming that Cu substitutes for Ag and Ti 
substitutes for Zr in the AgZr 2 phase the effective Zr concentration has a range 
of 65.84 to 65.96at.pct., which is close to the desired 66.66 at. pet. Zr, for the 
AgZr 2 intermetallic [23]. 

The light gray region in Fig. 12 surrounding the dark AgZr 2 phase is of 
Ag(Cu)Zr(Ti). The AgZr resembles the CuTi phase and it forms by congruent 
melting at 1135 C [23]. Experimentally we have obtained a composition of 
31.72 at. pet. Zr, 17.40 at. pet. Ti, 45.00 at. pet. Ag and3.6 at. pet. Cu. 
Assuming that 3.6 at. pet. Cu substitutes for Ag and 17.40 at. pet. Ti 
substitutes for Zr in the AgZr phase, the effective Zr concentration is 49.12 at. 
pet. Zr which is close to the desired 50 at. pet. Zr for the AgZr intermetallic. 
The enclosed bright regions are the solid solution of silver. 



Figure [13]: Photomicrograph of the Al 2 03/Ti/60Ag-30Cu-10Sn/Zr System, showing oval 
particles of Zr 5 Sn 3 on dark Ti-Zr solid solution. 


We have observed oval shaped dark gray Zr 5 Sn 3 phase in a matiix of Ti-Zi 
solid solution near the Ti/filler-metal interface, Fig. 13. The ZrsSns is stable up 
to the congruent melting temperature of 1988°C [24], The composition reported 


[24] for Zr 5 Sn 3 phase shows a range of 33 to 40 at. pet. Sn. The observed 
composition in this study falls well within the reported range. 

The dark gray matrix of Ti-Zr solid solution is observed in the 
photomicrograph of Fig. 13. There is a range of composition of the Ti-Zr solid 
solution with Ti and Zr compositions falling in the range 49.37 to 63.01 at. pet. 
Ti and 24.5 to 35.22 at. pet. Zr. These composition lies in the (3 Ti-Zr solid 
solution range at 800 C. The Ti and Zr metals are completely soluble in each 
other in all proportions as reported in the published phase diagram [25]. 

3.4 AI 2 0 3 /Ti/60Ag-30Cu-10Sn/ Nb: 



Figure [14a]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Nb System showing the 
upper part of the diffusion couple, showing the lamellar Ag-Cu and gray 

particles of (TiNb) 3 Sn . 

We analyzed the structure from the pure Nb down to the ceramic A1 2 0 3 . Just 
above the Nb/filler-metal interface, a dark layer of Ti-Nb solid solution has been 
observed as shown in the photomicrograph of Figs 14 a and b. The Ti-Nb phase 
diagram shows bcc (|3Ti,(3Nb) solid solution, with a complete range of solid 
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Table 5: Composition (at%) of the elements in the different layers of the brazed specimens, alumina/Nb by using Ag-Cu- 
Sn as the filler metal taken by EPMA. 



solubility above 882 C. The stable equilibrium diagram is without an invariant 
reaction, congruent reaction transformation or critical points [26]. 



Figure [14b]: Photomicrograph of the Al203/Ti/60Ag-30Cu-10Sn/Nb System showing the 
large dark particle of Ti 3 Cii 4 and gray particles of Ti 5 Sn 3 . 

The dark nodular particles formed just below the Nb/filler-metal interface is 
the (TiNb) 3 Sn phase, Fig. 14 a. The analysis of the particles show a composition 
of 57.01 at. pet. Ti, 15.95 at. pet. Nb, 24.55 at. pet. Sn. It appears that about 16 
at. pet. Nb has substituted for Ti in the sublattice of the Ti 3 Sn intermetallic. 

The dark region surrounding the (TiNb) 3 Sn phase is that of TiCu, Fig. 14 a. A 
Lamellar structure of the Ag-Cu eutectic, can be clearly obseived in Figs. 14 a 


and b. 



Figure [15]: Photomicrograph of the Al203/Ti/60Ag-30Cu-10Sn/Nb System showing the 
large dark particle of H3CU4 and gray particles of Ti 5 Sn3. 

The photomicrograph of Fig. 15 shows spheroidal particles of TisSn 3 in a dark 
matrix of Ti 3 Cu 4 . The Ti 3 Cu 4 is a stoichiometric compound, which forms by the 
following peritectic reaction, at 925°C [20], 

L+TiCu ► Ti 3 Cu 4 . Experimentally we have observed a composition of 

42.72 at. pet. Ti, 55.03 at. pet. Cu and 1.237 at. pet. Ag. The composition 
obtained from the published data is 57.01 at. pet. Cu. [20]. The substitution of 
Cu was observed to be to the extent of 1.237 at. pet. Ag. When Ag is added to 
Cu it gives a composition close to the reported composition of 57.1 at. pet. Cu 

in the Ti 3 Cu 4 phase [20]. 

The gray spheroidal particles of Fig. 15 on the Ti 3 Cu 4 phase are the Ti 5 Sn 3 
intermetallic. The observed composition shows a mixture of the Ti 5 Sn 3 and 
Ti 3 Cu 4 intermetallic with 52.52 at. pet. Ti, 32.62 at. pet. Sn and 1 1.18 at. pet. Cu 
and small amounts of the elements Ag, AI and Nb. 


While analyzing the Ti/fillcr-metal interface, we observed a gray continuous 
layer of Ti 3 Sn 



Figure [16]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Nb System showing the 
filler-metal/Ti interface. 

followed by a light gray thin layer, which is assumed to be that of ThCu, Fig. 
16. Experimentally we have obtained a composition of 24 at. pet. Sn and 70.61 
at. pet. Ti for the Ti 3 Sn. The Sn concentration as reported has a range from 23 to 
25 at. pet. And it matches with the reported data, for this phase [19]. 

The TiCu(Ag) phase is seen as gray particles just above the Ti 3 Sn layer, Fig 

16. 

3.5 A1 2 0 3 /T i/60 Ag-30Cu-l OSn/ Co: 

We analyzed the diffusion couple starting from Co down to the ceramic 
AI 2 O 3 . The phase that was observed just below the Co/filler-metal interface was 
Ag-Cu solid solution shown as bright continuous layer as seen in the 



photomicrograph of Fig.17.The copper from the Ag-Cu eutectic composition 
must have reacted with the other elements Co, Ti etc. 



Figure [17]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Co System showing the 
large dark layer of TiCo 3 and dark particles of TiCo. 


The TiCo 3 phase appears as irregular dark layer just below the Ag-Cu solid 
solution, Fig. 17. The TiCo 3 has an ordered fee AuCu 3 -type structure and a 
maximum homogenity range of 75.5 to 80.7 at. pet. Co, [27]. The analysis has 
shown a composition of 71.79at.pctCo, 2.10 at. pet. Cu, 25.97 at. pet. Ti and 
small amounts of Sn and Al, for the TiCo 3 phase. It appears that approximately 
2 at. pet. Cu substitutes for Co in the TiCo 3 intermetallic. According to the Co- 
Cu phase diagram, [28], Co can dissolve up to 3 at. pet. Cu at 800°C, the 
temperature used for the diffusion anneal. The solubility of the third element in 
an intermetallic may change depending upon the element forming the other 
sublattice. However, we notice that the Co/Cu ratio of (97/3) in the Co-Cu solid 
solution is maintained in the TiCo 3 intermetallic, which is (71.79/2.1). 


Just below the TiCo 3 phase we n u 

3 pnase, we have observed small dark particles of TiCo, 

Fig. 17, which has a CsCl structure cma 

ture, and melts congruently at 1325°C p7] The 

composition analysis shows a value of 53.55 at. pet. Ti, 41.16 at. pet.' Co. 
S.OlatpctCu and small amounts of Sn, A1 and Ag in TiCo. The published data 
shows 48 to 56 at. pet Co for this intermetallie at 800»C. If we add Cu and Co 
concentrations, it gives a value of 46.16 at. pet. Co, which is close to the 48 at 
pet. Co reported for this phase, [27], But the solubility of Cu in Co is more in 
this case because of the open natoe of the ordered bee (CsCI) structure of the 
TiCo phase. From the composition data of the two observed Ti-Co intennetallic 

compounds it is apparent that Cu substitutes for Co in the sublattiee of the TiCo 
and TiCo 3 intermetallics. 



Figure [ 18 ]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Co System showing the 
whole diffusion couple. 

The photomicrograph of Fig. 18 shows a gray continuous region and is analyzed 
to be that of Ti 5 Sn 3 . The dark particles on the gray are that of TiCu. The 
composition of the gray region with the dark particles is 58.98at.pctTi, 28.14 at. 
pet. Sn, 9.12 at. pet. Cu and 3.4 at. pet. Ag. The two-phase structure below the 
Ti 5 Sn 3 layer corresponds to TiCo and TiCu with the light gray particles 


representing the TiCo phase. The composition of this phase as shown in table 6, 
and it is 51.27 at. pet. Ti, 31.18 at. pet. Co and 17.14 at. pet. Cu and small 
amounts of Ag, A1 and Sn. 



Figure [19]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Co System showing the 
lower part of the diffusion couple. 

The photomicrograph of Fig. 19 shows the light gray irregular particles of 
Ti 3 Sn, dark particles of TiCu in the matrix of very fine rod like Ag-Cu eutectic. 
A very thin bright layer of Ag is also present, Fig. 19. The Ag of the filler metal 
has diffused near the Co/filler-metal interface and (Ag) has formed with 
approximately 10.5 at. pet. Cu. The Cu content of the filler metal has combined 
with Ti to form the TiCu intermetallic. A gray layer of Ti 3 Sn is observed below’ 
the bright (Ag) and a thin layer of Ti 2 Cu, Fig. 19, follows it. 

3.6 Al 2 0 3 /Ti/60Ag-30Cu-10Sn/ Cr: 

The ceramic A1 2 0 3 was brazed with pure ‘Cr’ with braze filler metal 60 Ag- 
30Cu-10Sn and Ti as the active metal at 800°C for 16 hours. 



Table 7: Composition (at%) of the elements in the different layers of the brazed specimen, Alumina/Cr by using 
Ag-Cu-Sn as the filler metal taken by EPMA 



The structure of the interface was observed under EPMA and analyzed. The 
interface showed several phases in a complex microstructure. The composition 
of different phases was derived and the results are presented in table 7. 



Figure [20]: Photomicrograph of the Al 2 O/Ti/60Ag-30Cu-!0Sn/Cr System showing the 
whole diffusion couple. 

The microstructure was studied from pure chromium down to the A1 3 0 3 
ceramic. A very bright and thin layer of Ag solid solution has formed just below 
pure Cr. Fig. 20. Dark particles of the Ti-Cr phase with composition 50.19 at. 
pet. Ti, 41.96 at. pet. Cr, and 6.97 at. pet. Cu has formed just below the (Ag) 
layer. The Ti and Cr compositions lie close to the composition of the 
congruently melting alloy P(Ti,Cr) with 56 at. pet. Ti [29], Approximately 7 at. 
pet. Cu appears to be substituting for Cr in the p(Ti,Cr) phase. 

A three-phase region consisting of Ti 5 Cu 3 Cr, (Cu) and (Ag) has formed 
below the Ti-Cr solid solution. The Ag and Cu solid solutions appear as 




Figure [21]: Photomicrograph of the Al203/Ti/60Ag-30Cu-10Sn/Cr System showing the 
whole upper part of the diffusion couple with dark particles of TiCu and a 
ternary phase of Ti-Cr-Cu. 

A three-phase layer consisting of the dark particles of TiCu, light gray 
globules of Ti 3 Sn and Ag solid solution has formed in the middle of the filler 
metal region, Fig 21. The metal Cu has reacted to the extent that a broad bright 
region of Ag solid solution remains in the microstructure, Fig. 20 and 21. The 
composition of the Ti 3 Sn phase and TiCu intermetallics are shown in the table- 


7. 



Figure [22]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Cr System showing dark 
particles of Ii 2 Cu and gray particles of Ti 3 Sn. 



Figure [23]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Cr System showing the 
lower part of the diffusion couple dark particles of Ti 2 Cu and gray particles of 
Ti 3 Sn. 



A two-phase layer consisting of Ti 2 Cu and Ti 3 Sn has formed as a next layer, 
Fig22. The Ti 2 Cu appears as dark regions between the gray globules of Ti 3 Sn. 
The composition of the Ti 2 Cu shows that about 5 at. pet. Ag has substituted for 
copper in the Ti 2 Cu phase, table 7. 

A dark continuous layer of TiAg has formed just above the Ti layer, Fig. 23. 
It has been reported that the intermetallic TiAg has a yCuTi structure and a 
composition range of 48 to 50 at. pet. Ag [30], 

3.7 Al 2 03/Ti/60Ag-30Cu-10Sn/ Ta: 

The ceramic A1 2 0 3 was brazed with pure ‘Ta’ with braze filler metal 60 Ag- 
30Cu-10Sn and Ti as the active metal at 800°C for 16 hours. The interface was 
observed under EPMA and analyzed. The composition of different phases was 
derived and the results are presented in table 8. 



Figure [24a]: Photomicrograph of the Al 2 03/Ti/60Ag-30Cu-10Sn/Ta System showing the Ta 
/filler-metal interface and dark layer of (Ti) at the interface and below the 
interface dark particles of TiCu and gray particles of Ti 3 Sn. 






The photomicrograph of Figs. 24 a & b show the metal Ta, the Ta/filler-metal 
interface and the upper part of the filler metal. The bright large gray region was 
analyzed as Ta with composition of 99.30 at. pet. Ta, Fig. 24a. The light gray 
particles are Ti 3 Sn m the matrix of Ag solid solution, Fig.24 a. Some of the 
Ti 3 Sn particles appear faceted. The dark particles between Ti 3 Sn are the TiCu 
intermetallic. The compositions of these two intermetallics are shown in table 8. 
The observed composition of 74.42 at. pet. Ti and 23.48 at. pet. Sn agrees well 
with the reported composition of the Ti 3 Sn phase [19]. The TiCu phase has 
been analyzed to show 49.43 at. pet. Ti, 46.27 at. pet. Cu and 2.606 at. pet. Ag. 
The reported composition of this intermetallic with 48 to 52 at. pet. Ti agrees 
well with the observed composition [20], The metal Ag upto 2.606at.pct. was 
observed to replace copper in the TiCu phase. 

The light gray particles of Ti 3 Sn in Ag solid solution with 46.28 at. pet. Ti, 
15.71 at. pet. Sn, 32.9 at. pet. Ag and 4.034 at. pet. Cu has been observed near 
the Ta/filler-metal interface. 



Figure [24b]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Ta System showing dark 
particles of TiCu and gray particles of Ti 3 Sn in (Ag). 


The dark layer just below Ta as seen in the photomicrograph of Fig 24 a, has 
been analyzed as Ti solid solution with composition 88.79 at. pet. Ti, 5.67 at. 
pet. Ag and 4.52 at. pet. Ta. It appeared that Ti has extensively diffused through 
the liquid filler metal to form a solid solution with Ta. The diffusion of Ta has 
been very limited. There is a complete solid solubility of Ta and Ti into each 
other in the whole composition [31]. The dark layer next to the Ti solid solution 
could not be analyzed but it is presumed to be the TiAg phase. This 
intermetallic has been observed near the base metal/ filler- metal interface in 
other diffusion couples. 



Figure [25]: Photomicrograph of the AfOs/Ti^OAg-SOCu-l OSn/Ta System showing the 
Ti/filler-metal interface and TFCu at the interface. 

The photomicrograph of Fig. 25 shows fonnation of Ti 2 Cu intermetallic just 
above the Ti/filler-metal interface as a dark layer. The Ti 2 Cu phase shows a 
composition of 65.41 at. pet. Ti, 3 1.06 at. pet. Cu and 3.1 76 at. pet. Ag with Ag 
substituting for Cu. The composition agrees well with that reported for the 
Ti 2 Cu phase [20]. 


The metal Ta has a melting point of 3020°C, which is vety high when 
compared to 800°C, the temperature at which the experiment has been carried 
out. The diffusion of Ta was expected to be slow compared to the diffusion of 

the other elements Ti, Cu, Ag, and Sn. No intermetallic compounds of Ta are 
therefore observed. 

3.8 Al 2 0 3 /Ti/60Ag-30Cii-10Sn/ Mn: 

The ceramic A1 2 0 3 was brazed with pure ‘Mn’ with braze filler metal 60Ag- 
30Cu-l OSn and Ti as the active metal at 800^0 for 16 hours. The interface was 
observed under EPMA and analyzed. The composition of different phases was 
derived and the results are presented in table 9. 



Figure [26]: Photomicrograph of the Al20 3 /Ti/60Ag-30Cu-10Sn/Mn System showing the 
whole diffusion couple. 

The photomicrograph of Fig. 26 shows gray particles of TiMn 2 above the 
uniform layer of the four-phase structure, described below. The TiMn 2 phase is 





a Laves phase of the MgZn 2 - type with a homogeneity range of 60 to 70 at. pet. 
Mn and melts congruently at 1325°C [32]. The composition obtained for this 
phase is 67.60 at. pet. Mn, 31.71 at. pet. Ti and small amounts of Ag, Cu and 
Sn. 

The dark region surrounding the TiMn 2 phase is that of (Ti). It appears that Ti 
has extensively diffused through the liquid filler metal to form a solid solution, 
having composition of 80.50 at. pet. Ti, 18.2776 at. pet. Mn, and small amounts 
of the other elements. The Ti-Mn phase diagram shows that ( J3Ti) solid solution 
has a solubility of 0 to 30 at. pet. Mn [32]. Y.Saleh and H.Margolin observed 
that a 9 at. pet. Mn alloy was a single-phase (j3Ti) at 7O0°C [33]. 



Figure [27a]: Photomicrograph of the Al203/Ti/60Ag-30Cu-10Sn/Mn System showing the 
four-phase structure which includes the (Ag-Cu) eutectic. 

The photomicrograph of Figs. 27 a and b, show lamellar structure of the 
eutectic Ag-Cu, bright matrix of proeutectic (Ag), dark gray particles of Ag-Mn 
solid solution and the dark small particles are assumed to correspond to that of 
TiCu intermetallics as observed in the other systems. The composition of the 
above, four-phase structure obtained 



Figure [27b]: Photomicrograph of the Al 2 0 3 /Ti/60Ag-30Cu-10Sn/Mn System showing the 
four phase structure which includes the (Ag-Cu) eutectic dark gray (Ag-Mn) 
gray proeutectic (Ag) and dark particles of TiCu. 

from EPMA is 36.61 at. pet. Ag, 29.35 at. pet. Cu, 29.23 at. pet. Mn and 4.8035 
at. pet. Sn. It was not possible to analyze individual phase because of the fine 
structure. The lamellar structure is assumed to be the Ag-Cu eutectic and it has 
formed by the eutectic reaction occurring at 779°C at 40 at. pet. Cu balance Ag 
[16], Fig 27b. The Ag-Mn phase diagram shows that there is a solid solution of 
(Ag) and (aMn) up to a temperature of 71 1°C and a solid solution of (Ag) with 
Mn at 800°C [34]. The large dark particles are those of the TiCu intermetallic. 



3.9 Binary Phase Diagrams (Ni-Ti & Ni-Cu) 

The Figure 28 shows the Ni-Ti phase diagram. The phase diagram shows that 
there are several binary intermetallics of Ni-Ti, namely Ni 3 Ti, NiTi, NiTi 2 etc. 



formation of Ni(Cu)Ti 2 , Ni 3 (Cu)Ti intermetallics in the Al 2 0 3 /Ti/60Ag-30Cu- 
1 OSn/ Ni system. The dark particles, in the middle of the filler metal region as 
shown in Figs. 9 and 10, are Ni 3 (Cu)Ti. The analysis of the dark particles has 
shown 1.64 at. pet. Cu, 69.97 at. pet. Ni and 28.65 at. pet. Ti with small 
amounts of Ag, A1 and Sn for this phase. The metal Cu substitutes for Ni in this 
phase. The Ni 3 Ti phase has been reported [22], with a composition of 75 at. pet. 
Ni balance Ti. As seen in Fig. 28 we see the Ni concentration in this 
intermetallic is around 75 at. pet. The Ti concentration in this phase is observed 
to be higher than reported [22] and seen in Fig.28. 



The Ti 2 Ni(Cu) compound forms as light gray irregular structure, Fig.l 1 near 
the Ti/filler-metal interface. The Ti 2 Ni intermetallic has been reported to form 

by the following eutectic reaction at 942°C. L ► (f3Ti) + ji,Ni. 

Experimentally we have obtained 24.94 to 25.94 at. pet. Ni, 5.62 to 6.29 at. pet. 
Cu and 67.9 to 68.22 at. pet. Ti with very small amounts of A1 and Sn. 
Assuming that Cu substitutes for Ni in the Ti 2 Ni phase the effective Ni 
concentration has a range of 30.74 to 31.56 at. pet. , which is close to the 
desired 33.33 at. pet. Ni for this intermetallic compound [22], as seen in the 
Fig.28. 
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Figure 29: The Ni-Cu phase diagram 


The Ni-Cu phase diagram, Fig.29 shows that below 1085°C we have solid 
solution of Ni-Cu and this explains the substitution of Ni by Cu in Ni(Cu)Ti 2 
and Ni 3 (Cu)Ti. 
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The Fe 2 Ti intermetallic is observed with approximately 32 at. pet. Ti and 68 at. 
pet. Fe. 

The Ni 3 Ti intermetallic has been observed with 28.65 at.pct Ti and 69.67 
at.pct. Ni. There has been approximately 2 at. pet. solubility of the other 
elements in this intermetallic. The Ti 2 Ni intermetallic has been observed with 
68 at. pet. Ti and 26 at. pet. Ni. There has been a solubility of approximately 6 
at. pet. Cu in the Ni 3 Ti phase. The Ni solid solution has been observed with 
17.91 at. pet Cu soluble in it. 

The TiAg intermetallic has been observed with 42 at. pet. Ti and 58 at. pet. 
Ag.There has been a solubility of metal Cu in this intermetallic. 

The TiCo 3 intermetallic has been observed with 25.97 at. pet. Ti and 72 at. 
pet. Co. There has been a solubility of 2 at. pet. of Cu in this intermetallic. The 
TiCo intermetallic has been observed with 53.5 at. pet. Ti and 41 at. pet. Co. 
There has been a solubility of 5 at. pet. of Cu and small amounts of other 
elements in this intermetallic. 

The AgZr 2 intermetallic has been observed with approximately 53 at. pet. 
Zr and 26 at. pet. Ag. The metal Cu substitutes Ag by approximately 7 at.pct. 
and Ti substitutes Zr by 13 at. pet. The AgZr intermetallic has been observed 
with approximately 3 1 at. pet. Zr and 45 at. pet. Ag. The metal Cu substitutes 
Ag by approximately 4 at.pct. and Ti substitutes Zr by 17 at. pet. The Zr 5 Sn 3 
intermetallic has been observed with approximately 53 at. pet. Zr and 33.57 at. 
pet Sn. There has been solubility by small amounts of Ti, Ag and Cu. 

The TiMn 2 intermetallic has been observed with 31.7 at. pet. Mn and 
approximately 68 at. pet. Ti. A eutectic of Ag-Cu-Mn has been observed with 
composition such as 55.8 at. pet. Ag , 23 at. pet. Mn and 18 at. pet. Cu. 

The intermetallic (TiNb) 3 Sn has bben observed with 57 at. pet. Ti , 16 at. 
pet. Nb and 25 at. pet. Sn. 



Conclusion: 

• Important intermetallic phases observed in different systems are summarized 
as follows: 


Metallic 

Substrate 

Iron 

Nickel 

Zirconium 

Niobium | 

Intermetallic 

phases 

FeTi, 

Fe 2 Ti, 

Ag-Cu 

eutectic, TiCu, 
Ti 2 Cu, 

Ti 3 Sn, 

Ti 5 Sn 3 , 

(Ag), 

Fe(Cu)Ti. 

Ti 2 Ni(Cu), 

Cu 3 (Ni)Ti 2 , 

Ni 3 (Cu)Ti, 

Ti 2 Cu(Ni), 

(Ni-Cu), 

(Ag), 

Ti 3 Sn, 

TiCu. 

Zr, 

Ag(Cu)Zr 2 (Ti), 

AgZr 2 , 

ZrsSn 3 , 

(Ti-Zr), 

Ag(Cu)Zr(Ti), 

(Ag). 

(Ti-Nb), ! 

(TiNb) 3 Sn, 

(Ag), 

Ti 5 Sn 3 , | 

(Cu)+( Ag-Cu), 

1 Ti 3 Cu 4 , 

i Ti 3 Sn, | 

1 TiCu. ! 

| ] 

| | 


Metallic 

Substrate 

Cobalt 

Chromium 

Tantalum 

1 Manganese | 

] 1 


(Ag-Cu), 

(Ti-Cr), 

(Ti), 

! (PT>). ! 


TiCo, 

yCuTi + 

TiCu, 

j TiMn 2 , | 


TiCo(Cu), 

yAgTi, 

Ti 2 Cu, 

| (Mn), 

Intermetallic 

Ti 5 Sn 3 , 

TiCu(Ag), 

Ti 3 Sn, 

| Ag-Cu eutectic, ; 

phases 

TiCo 3 , 

Ti 2 Cu(Ag), 

(Ag), 

| Ag-Mn Solid j 


(Ag), 

Ti 5 Cu 3 Cr, 


| Solution. 


Ti 3 Sn, 

Ti 3 Sn, 


| 

} | 


TiCu. 

(Ag). 


j j 


• The microstructure of the phases formed at different positions of the 
diffusion couple is characterized. 

• A number of intermetallics of Ti and Cu have been observed. These are; 
Ti 2 Cu, TiCu, Ti 3 Cu 4 , Ti 2 Cu 3 . In most cases, the intermetallics have some 
solubility for elements like Ag, Al, Fe, Ni , Sn, Nb etc. 

• Eutectic of Ag-Cu has been observed as a lamellar structure in the 
Al 2 0 3 /Mn, Al 2 0 3 /Fe, Al 2 0 3 /Nb and Al 2 0 3 /Cr systems. 






Two binary intermetallics of Sn and Ti have been observed, namely, Ti 3 Sn, 
and Ti 5 Sn 3 . There has been some solubility of Cu in these phases. 

Two binary intermetallics FeTi and Fe 2 Ti of the Fe-Ti system have been 

observed in alumina bonded with Fe. Cu has been observed to substitute for 
Fe in FeTi. 

One unknown ternary intermetallic of Ti-Cu-Fe has been observed in 
alumina bonded with Fe. 

Two binary intermetallics of Ni and Ti have been observed in alumina 
bonded with Ni. These are Ni 3 Ti and NiTi 2 . The metal Cu substitutes for Ni 
in Ni 3 Ti and NiTi 2 . 

One binary intermetallic of Zr and Sn i.e. Zr 3 Sn 3 has been observed in 
alumina bonded with Zr. 

AgZr 2 and AgZr intermetallics were formed near the upper part of the 
diffusion couple and Ti has been observed to substitutes for Zr in both the 
intermetallics. 

Solid solution of Ti-Nb has been observed at the Nb/filler -metal interface in 
alumina bonded with Nb. No intermetallic of Nb with other elements has 
been observed. 

Two binary intermetallics TiCo 3 and TiCo of the Co-Ti system have been 
observed in the major parts of the diffusion couple, when alumina was 
bonded with Co. The metal Cu substitute for Co in both the intermetallics. 
Solid solution of Cr-Ti fonn at the Cr filler metal interface in a diffusion 
couple of alumina bonded with Cr. 

A ternary phase of Ti-Cu-Cr, Ti 5 Cu 3 Cr, has been observed at the upper part 
of the diffusion couple. 

No intermetallic of Ta has been observed in alumina-Ta diffusion couple. Ta 
has a melting point of 3020°C, which is very high as compared to 800°C, the 
temperature at which the experiment was carried out. The diffusion of Ta 



temperature. t0 ^ ^ ‘° 0tlKr eiements at the b ^ing 

One binary intermetallic of Ti and Mn \ a t-vt 
y /r- T1 . TiMn 2 was formed at the 

that there ^ b ° nded ^ Mn ‘ 11 has been observed 

2” ” ***“ system, and (Ti, is formed 

at the Mn/filler-metal interface tMo u u • 

menace. Tins behavior was also observed in the 

alumma-Ta diffusion couple. 

It has been observed that for proper bond fonnation prior to vacuum brazinu 

polishing and cleaning of die surfaces of the filler-metal, active-metal, base 
metal and ceramic is essential. 

Alignment and close fitting of all the components i.e. filler-metal, active- 

metal, base metal and ceramic is essential for ceramie-base metal bonding. 

The heating rate of the diffusion couple has to be limited to prevent alumina 
ceramic from cracking. 
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